Abstract -The v a l i d i t y o f a r e l a t i o n between a c t i v a t i o n energy Q and evaporation f i e l d P, previously predicted f o r the charge-hopping mechanism, is re-examined i n the context of the charge-draining mechanism.
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Introduction
Some years ago, one of us derived a new formula f o r t h e activation energy ( Q ) 
of field evaporation [I].
This formula was based on a classical analysis of t h e intersection of p o t e n t i a l energy curves, and has t h e form: where F is evaporation f i e l d , and Fe its apparent value i n t h e l i m i t of zero a c t i v a t i o n energy, and S l is a quantity that should be approximately constant when P has a value close t o Fe. I n its simplest proof, eq.(l) is derived by combining two formulae:
one r e l a t i n g xP t o 1/F, t h e other r e l a t i n g Q1/2 t o xP, where xP is t h e distance of t h e t o p of the activation energy hump from t h e emitter's e l e c t r i c a l surface.
The ion f l u x J emitted from a field-ion spec5Lmen is related t o Q and t o t h e emitter temperature T by t h e emission equation:
where nhr is t h e count of atoms a t high r i s k of evaporation, A is t h e f i e l d evaporation pre-exponential, and k is Boltzmann's constant.
When e q . ( l ) is combined with the emission equation, it is predicted [2] t h a t for any given f l u x value t h e evaporation f i e l d should be related t o t h e evaporation temperature by a l i n e a r equation of t h e form:
Linear relationships o f t h i s type have been found i n t h e experimental data, over a range of temperature encompassing 80K [2, 3] .
The mathematical derivation of e q . ( l ) uses a curve-intersection formalism. s t r i c t l y , t h i s formalism corresponds t o the physical assumption t h a t t h e f i e l d
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1986712 evaporation escape process is t a k i n g p l a c e v i a t h e "charge-hopping" mechanism [ 4 ] .
But p h y s i c a l l y it seems more p l a u s i b l e t h a t escape b e t a k i n g p l a c e v i a the "charge-draining" mechanism.
So, s i n c e e q . ( 3 ) seems t o b e compatible with experimental r e s u l t s , at least for some materials, we have i n v e s t i g a t e d whether e q . ( l ) can be rederived i n t h e c o n t e x t of the charge-braining mechanism. To begin, it w i l l be h e l p f u l t o make some comment on potential-energy diagrams.
2. The Charge-draining Potential-energy diagram I n the charge-hopping mechanism it is p o s t u l a t e d that an e l e c t r o n ( o r two e l e c t r o n s ) d e p a r t from the evaporating atom i n a s i n g l e "hop", at a p a r t i c u l a r nuclear p o s i t i o n ; i n the charge-draining mechanism it is p o s t u l a t e d that the e l e c t r o n d r a i n s o u t gradually, as the evaporating atomic nucleus moves away from the surface.
W e must a l s o assume that at a charged s u r f a c e a protruding atom is i n some sense p a r t i a l l y charged: t h i s is necessary from Gauss' theory, i n o r d e r t o s u s t a i n t h e e x t e r n a l e l e c t r i c field.
We t h u s have a p i c t u r e o f t h e escape process as follows. The evaporating atom i n its i n i t i a l bound state is a partially charged object. As it moves away from the s u r f a c e it g e t s i n c r e a s i n g l y charged;
it goes over the a c t i v a t i o n energy hmp still i n a p a r t i a l l y charged state; as it moves f u r t h e r away from t h e s u r f a c e more e l e c t r o n i c charge d r a i n s o u t u n t i l the atom possesses an i n t e g r a l nurnber o f elementary charges. T h i s p i c t u r e c o n s t i t u t e s the charge-draining mechanism.
The diagram representing t h i s process is o f t e n drawn as shown i n F i g . l a , b u t there is a n inherent ambiguity about it. The right-hand p o r t i o n o f t h e "atomic" curve c l e a r l y corresponds t o a p o l a r i s e d n e u t r a l atom i n free space. The prqblem concerns with the left-hand p o r t i o n , that r e p r e s e n t s the bound s t a t e . If we assume t h a t t h e left-hand p o r t i o n is the "continuation across t h e i n t e r s e c t i o n g ' o f t h e right-hand p o r t i o n ( a s t h e d o t t e d l i n e s would s u g g e s t ) , then we presrrmably must regard the left-hand p o r t i o n as a l s o corresponding t o a n e u t r a l atom. But t h i s is incompatible with the statement above that the left-hand p o r t i o n corresponds t o a p a r t i a l l y charged o b j e c t .
On the o t h e r hand, i f we accept that the left-hand p o r t i o n of the "atomic" curve corresponds t o a partially-charged object and t h e right-hand p o r t i o n t o a n e u t r a l o b j e c t , t h e n one must query whether it is correct t o j o i n the curves across the i n t e r s e c t i o n region, even by a d o t t e d l i n e . suggests a s o l u t i o n t o t h i s problem of s a t i s f a c t o r y representation. D i s t a n t from t h e s u r f a c e the p o t e n t i a l energy curves correspond t o well-defined charge states.
W e presume t h a t t h e s e curves c a n b e continued inwards as curves corresponding t o h y p o t h e t i c a l "polarised n e u t r a l w and "pure ionic" states. A curve corresponding t o the a c t u a l (partially-charged) e l e c t r o n i c ground-state is also drawn, and j o i n s on t o t h e pure i o n i c curve at an appropriate d i s t a n c e from the surface.
W e have a l s o included on t h i s diagram a curve corresponding t o a n e u t r a l atom i n z e r o f i e l d .
Inspection of the r e s u l t i n g diagram makes it clear that the field-dependent i n c r e a s e i n bonding energy, which we normally now write i n t h e £ o m (1/2)5+, is t o be considered as p a r t l y due t o o r b i t a l p o l a r i s a t i o n , p a r t l y due t o partial i o n i z a t i o n . T h i s reflects a conclusion we reported elsewhere 151.
There a l s o has t o be a change i n t h i n k i n g about how the diagram v a r i e s with field s t r e n g t h .
The o l d e r assumptions o r approximations have been: first, that the p o s i t i o n o f the bonding w e l l does n o t v a r y much with f i e l d ; second, that t h e shape shape of the bonding w e l l does not vary much w i t h field; and, third, that the main effect of the f i e l d is t o "shift down" the whole bonding w e l l a b s o l u t e l y i n energy, by an amount that is dependent on t h e f i e l d s t r e n g t h b u t is independent o f p o s i t i o n .
Schematic diagrams used t o represent t h e charge-draining mechanism of f i e l d evaporation.
l a ) (Alongside )
Diagram as often drawn i n t h e l i t e r a t u r e . lb) (Below) suggested a l t e r n a t i v e form.
For detailed explanations see text. These approximations are appropriate t o t h e s i t u a t i o n of a genuinely neutral atom a t a charged surface, and hence may be adequate i n the case of helium f i e l d adsorption (though even t h i s has recently been c h a l l e n g e -Kreutzer, p r i v a t e communication). But they cannot r e a l l y be s a t i s f a c t o r y i n the case of f i e l d evaporation: the making of such assumptions i n t h e context of the charge-hopping escape mechanism has been a matter merely of convenience.
>-
The assumptions are q u i t e untenable i n the context of t h e charge-draining mechanism:
i n t h i s case it has t o be assumed that both t h e shape of the w e l l and the position of its base w i l l change.
A recent paper indicates t h e general nature of the changes involved [61. The lowering i n absolute energy of the well base can, however, still be expressed i n t h e form ( I / Z ) C~F~, provided t h a t c, is NOT i d e n t i f i e d as a coefficient associated with t h e o r b i t a l polarisation of a n e u t r a l atom i n f r e e space.
The o r i g i n a l proof of eq.(l) was, f o r convenience, based on the "older assumptions" described above.
What we must now do is t o examine how the proof and/or its i n t e r p r e t a t i o n changes i f we adopt new assumptions about t h e behaviour of t h e bonding w e l l .
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JOURNAL DE PHYSIQUE 3. Implications f o r proving t h e activation-energy formula 3.1 The relationship between xP and F For the charge-draining mechanism, the relationship between evaporation f i e l d F and the parameter xP ( t h e distance of t h e t o p of t h e a c t i v a t i o n energy hump from t h e e m i t t e r ' s electrical surface) is i l l u s t r a t e d schematically i n Fig.2 . This shows the ground-state curves i n t h e s i t u a t i o n s :
( 1 ) f o r zero classical a c t i v a t i o n energy, with the evaporation f i e l d denoted by Fe and t h e +value denoted by ae; ( 2 ) a t a f i e l d F s l i g h t l y less than Fe. A t the right-hand s i d e t h e curves go over i n t o long-range e l e c t r o s t a t i c terms of the form -nePx; projected back, these curves meet a t the n a t u r a l reference f o r such terms, namely a point a t the position of t h e e l e c t r i c a l reference surface, a t an energy Hn-n@ above t h e reference zero.
(Here ne i s the ion charge state immediately a f t e r escape, I+ is the relevant l o c a l work-function, and Hn is t h e energy needed t o c r e a t e an n-fold ion i n remote field-free space, given by t h e sum of t h e first n free-space ionization energies.) The outer end of each "triangle" shown is obtained by drawing a l i n e parallel t o the energy axis, a t position xP ( o r a e ) , u n t i l it i n t e r s e c t s t h e e l e c t r o s t a t i c term. The energy parameter h ( o r h e ) represents t h e height o f t h e t r i a n g l e .
I n general terms the parameter h i s given by:
where t h e "chemical terms" r e l a t e t o i n t e r a c t i o n s between t h e evaporating atom and t h e surface, and are functionally dependent on F.
I
n t h e context of t h e charge draining mechanism it is not y e t possible t o give a specific expression f o r these "chemical terms"; this is i n contrast t o t h e corresponding s i t u a t i o n f o r t h e charge-hopping mechanism, where an (approximate) c l a s s i c a l analysis is possible i n p r i n c i p l e [l] .
I t is a l s o c l e a r from a "triangle" i n t h e diagram that:
Assumptions involved i n deriving a Simple relationship between xP and F are t h a t Q is small i n comparison with h; and t h a t -i n the v i c i n i t y of f i e l d Fe -the variation i n h as a function of F is small i n comparison with the value of h. I f these assumptions a r e valid, then we can put h he, and hence obtain the relationship :
The argument above is r e a l l y j u s t t h e equivalent f o r f i e l d evaporation of t h e discussion i n t h e theory of helium f i e l d ionization t h a t leads t o t h e elementary formula f o r critical distance:
The point is that i n both cases t h e simple first approximation is t h a t distance XP is proportional t o t h e reciprocal of f i e l d F.
The e s s e n t i a l question is whether t h e assumption, t h a t h is approximately constant over the range of f i e l d of i n t e r e s t , is adequately valid. I n t h e context of charge hopping (and, f o r that matter, of helium ionization) it is possible t o demonstrate t h a t t h i s is s o by a c l a s s i c a l approximate analysis.
I n the case of charge draining, no s a t i s f a c t o r y approximate analysis y e t e x i s t s .
Simple-minded considerations lead us t o think t h a t t h i s assumption is not p a r t i c u l a r l y good but is probably good enough as a rough first approximation, p a r t i c u l a r l y f o r the more refractory metals with t h e i r r e l a t i v e l y high values of (A + Hn). W e propose t o discuss these considerations i n more depth elsarhere.
TO i l l u s t r a t e t h e d e r i v a t i o n
To i l l u s t r a t e how t h e r e l a t i o n s h i p of equation ( 6 ) .
between Q and xP needs t o be found 3. 2 The r e l a t i o n s h i p between p and xE' -I n the o r i g i n a l proof o f e q . ( l ) , the "old" assumption was made that the w e l l shape was more o r less independent o f f i e l d , and consequently t h e r e l a t i o n s h i p between Q and x was a question o f approximating t h i s w e l l shape. A parabola was assumed as a first approximation, using the form:
where K is t h e force-constant f o r t h e bonding w e l l . This equation, combined with eq.(6) above, l e a d s t o e q . ( l ) .
W i t h t h e charge-draining mechanism, the d e r i v a t i o n o f a r e l a t i o n s h i p between Q and xP is far less simple. The procedure that must i n p r i n c i p l e be used is i l l u s t r a t e d i n Fig.3 .
The ground-state curves are drawn for a range o f values o f F. The curves are t h e n "slid" p a r a l l e l t o the energy axis u n t i l a l l t h e i r bases are a l i g n e d at a constant l e v e l . A l o c u s is then drawn through t h e p o s i t i o n s of t h e t o p s o f the humps. T h i s locus is the curve o f Q v e r s u s xP. W e have not been able t o f i n d any simple arguments t h a t would enable us t o p r e d i c t the shape of this curve with confidence. The best that we can say a t present is that it seems not implausible that, over a range of positions, the curve should be "concave upwards", as shown i n the diagram. I n this case, t h e parabola would be the obvious Simple approximation. So it is not surprising t h a t an assumed locus of t h e form ( 8 ) above should f i t experimental r e s u l t s over a range of f i e l d values.
The i n t e r p r e t a t i o n of the parameters K and ae must be modified, however [?I. I t is no longer possible t o i n t e r p r e t K as a force-constant, though i f the locus i n sow general sense "follows t h e shape of a bonding curve" then it is not t o o surprising t h a t the K-values deduced from experiment [8, 91 are of the order of magnitude t h a t one would expect f o r atomic force-constants.
W i t h the parameter ae, it is necessary t o remember t h a t the bonding w e l l position probably changes as a function of f i e l d . If t h e locus is a parabola "all the way down t o zero", then ae has t o be interpreted as t h e bonding distance (measured from the e l e c t r i c a l reference surface) i n t h e l i m i t of high evaporation f i e l d Fe, not the bonding distance f o r a n e u t r a l atom on a surface. I f the locus is not a parabola all the way down t o zero, then ae i n e f f e c t become a f i t t i n g parameter i n a regression analysis, and becomes an i n d i c a t o r rather than an estimator of bonding distance.
Our main conclusion is t h a t , even though the escape mechanism i n f i e l d evaporation be charge-draining r a t h e r than charge-hopping, it is not surprising t h a t the experimental r e s u l t s f o r t h e more r e f r a c t o r y metals should approximately f i t eq. ( 1 ) . I n t h e Charge-draining mechanism, however, because of the d i f f i c u l t i e s of formulating demonstrably s a t i s f a c t o r y t h e o r e t i c a l analyses, e q . ( l ) has a somewhat weaker s t a t u s than i n t h e charge-hopping mechanism (where it is a provable approximate r e s u l t ) .
I t is possibly more useful now t o work t h e argument baclwards. Because t h e r e is a degree o f f i t between e q . ( l ) and experimental r e s u l t s , a t l e a s t as regards functional form, we may perhaps take t h i s as an indication that the relationships between xP and 1/F and between and Q and xP assumed above are more-or-less s a t i s f a c t o r y f i r s t approximations. I f t h i s is so, then e q . ( l ) may represent a form t o which the r e s u l t s of m o r e detailed quantum mechanical treatments of charge draining should reduce upon simplification, and may be useful as a signpost i n t h e developaent of the good quantum-mechanical t h e o r i e s that are urgently needed i n t h i s subject area.
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